Purpose: Neurofeedback (NFB) training has demonstrated significant potential in achieving symptoms reduction in children with Autism Spectrum Disorder (ASD). However, children with low-functioning ASD are often uncooperative with the treatment. To evaluate whether NFB can eventually be administrated during sleep, a safety and feasibility pilot study was performed. Methods: A 9-year-old male patient diagnosed with ASD underwent NFB training for 30 min twice a week. This was operated at home during sleep by the parents. The NFB protocol aimed at increasing sensorimotor rhythm (SMR) while simultaneously decreasing theta activity over the sensorimotor strip. Results: NFB during sleep was feasible and did not yield adverse side effects. Parents reported improved behavioral and emotional symptoms and enhanced language development following NFB training. Subsequently, the patient could participate in regular sessions of NFB in wakefulness. Conclusion: Overall, parental reports suggest that applying NFB during sleep in low-functioning ASD is feasible and might offer promising therapeutic avenues.
Introduction
Neurofeedback is a specific form of biofeedback aiming at changing EEG oscillations through operant conditioning (Sterman, 2000) .
Normally, NFB protocols are determined on the basis of spectral parameters of spontaneous EEG in resting-state conditions. This EEG signal is processed and compared to database of normal subjects in order to reveal a profile of abnormalities (Coben & Padolsky, 2007) . Changes in EEG patterns as a result of NFB have been associated with regulation of cerebral blood flow, metabolism, and neurotransmitter function (Lubar, 1997) . On the behavioral level, changes in cognitive and emotional functions have been documented in healthy individuals (Gruzelier, 2014) , as well as in neuropsychiatric patients (e.g., Hammond, 2005; Sterman & Egner, 2006) .
The relationship between NFB training and sleep can be viewed as two-way counter paths. From the beginning, NFB has been frequently used to treat sleep disturbances since facilitating specific oscillations during wakefulness selectively enhances similar brain patterns during subsequent sleep period (Hoedlmoser et al., 2008) . Particularly, it was proposed that improvement of physiological regulation of sensorimotor rhythm (i.e., low-beta frequency band 12-15Hz) stabilizes sleep state through optimization of thalamic-cortical circuits (Sterman, 2000) . Sensorimotor rhythm (SMR) is also thought to be related to the intrinsic function of the reticular activating system (RAS), which, among other things, is connected to the regulation of wakefulness and sleep-wake transitions (Sterman & Bowersox, 1981) .
The parallel, yet opposite, approach is to modulate brain activity during sleep in order to alter long-term behavior at wakefulness. According to Tononi and Cirelli (2006) , sleep promotes homeostasis by reducing the strength of synaptic connections to a level that is energetically sustainable and thus primes new learning. Arzi and colleagues (2014) recently reported that olfactory aversive conditioning during sleep significantly reduced cigarette-smoking behavior for several days. Moreover, methods of neuromodulation such as transcranial direct current stimulation (tDCS) were found to enhance retention of learned material when applied during sleep, pointing to the possibility of "night-treatment" for memory enhancement (Marshall, Mölle, Hallschmid, & Born, 2004) . Together, these studies confirm that sleep might be particularly beneficial for learning (Dudai, 2012) .
ASD is a pervasive developmental disorder including a variety of cognitive, sensory, and social deficits such as impaired communication skills and sociability, as well as restricted and repeated behaviors (Hill & Frith, 2003) . NFB training in ASD with theta suppression and SMR enhancement were reported to induce positive short-and long-term effects on executive functions, social interaction, and communication skills (Kouijzer, de Moor, Gerrits, Buitelaar, & van Schie, 2009; Kouijzer, de Moor, Gerrits, Congedo, & van Schie, 2009 ). Enhancement of SMR is reported to improve response inhibition and promote synchronization by regulating the sensorimotor system (Gruzelier & Egner, 2005) , while suppression of theta is reported to promote more flexible functioning of the brain by activating the default mode network (Kouijzer, de Moor, Gerrits, Buitelaar, & van Schie, 2009 ).
Although a considerable number of children with ASD cooperate with NFB training, some with more pronounced symptoms of restlessness, hypersensitivity, and aggression cannot receive treatments due the severity of their symptoms. This is unfortunate in the face of a growing number of studies revealing the benefits of NFB in children and adults diagnosed with ASD (Holtmann et al., 2011) . Given it is important to accommodate NFB to a wide range of patients, treatment during sleep could act as a possible solution for lack of cooperativeness. Similar to many medical interventions, NFB can induce adverse effects when it is commonly implemented in wakefulness (Rogel et al., 2015) ; here, we were specifically concerned about inducing sleep disturbance as a result of the night-treatment.
Thus, the purpose of this pilot was to evaluate whether NFB training during sleep is safe and feasible and whether it could be behaviorally beneficial for children with ASD. Here we applied NFB training using a reward sound during sleep. The training was set to up-regulate SMR (11-14 Hz) and down-regulate theta (4-7 Hz) located across the sensorimotor strip. This protocol was chosen since it has been shown to regulate altered neuronal excitability (Sterman, 2000) . Of note, uncooperativeness observed in this kind of patient often dictates prototypic use of research-based protocols, as EEG could not be properly recorded and analyzed. Along the treatment, the parents needed to evaluate (a) adverse side effects, specifically, in regard to sleep, (b) feasibility, that is, how easy it is to operate the treatment during sleep, and (c) efficacy, whether they observed reduction in ASD symptoms.
Neurofeedback
NFB was administered at central electrode sites (C4, Cz, and C3) with BrainMaster 2EB system with the 3.7i software (BrainMaster Technologies, Inc., Bedford, OH). Patients received feedback in a form of auditory sound on their real-time EEG signal, while sleeping. The volume of the auditory sound was adjusted by the parents to ensure that sleep is not interrupted. EEG data were obtained from the active electrode placed on the scalp at the location(s) of interest. The active electrode was stabilized on the desired location with Ten20 conductive electrode paste. Both the reference and the ground electrodes were linked to the ipsilateral earlobe. Sampling rate was 256 Hz. Reward threshold levels were automatically adjusted based on the digitally filtered real-time EEG signal every 180 s. The percent of reward was 70% of the time for the up-regulation of SMR and 70% of the downregulation of theta (inhibition level of 30% ends with 70% rewards). The time period for getting a reward was fixed to 250 ms. Therefore, the patient received rewards for maximum 49% of the time.
The treatment was operated by the parents following the installation of the BrainMaster software on their private laptop. Finally, the parents were trained to attach the electrodes and to use the system through the home training configuration option.
Procedure
This is a retrospective summary of treatment performed on one patient. NFB sessions were administered twice per week for 30 min approximately 30 minutes after the child fell asleep. The treatment was performed using a laptop at the child bedroom. The parent had to ensure that the treatment was carried on during sleep. In case the child woke up during the session or the child repeatedly moved, the treatment was interrupted. The volume of the reward sound was modulated by the parent to maintain sleep. All subjective reports were sent by the parents to the therapist in charge via emails. These reports were filled out at the end of each session, indicating behavioral changes which took place in between the two last sessions. Due to technical problems related to the computer used for home training, EEG data during the training was not properly saved and therefore could not be presented in this case report. The range of SMR and theta bands was minimally modified when needed, as explained below.
SV
SV is a right-handed, 9-year-old male diagnosed with ASD. He attends a special needs school and follows speech therapy due to severe communication disability.
His main symptoms included: speech limited to single syllables, lack of eye contact, restlessness, and aggression. After we failed to perform 19-channel EEG recording and to do regular NFB in wakefulness, the parents were offered to try NFB during sleep. The parents were given detailed explanation about the lack of evidence to support the effectiveness of such procedure. Following their decision, they signed an informed consent form for this treatment.
The treatment started with 30 min of NFB training for SMR (12-15 Hz) uptraining and theta (4-7 Hz) downtraining over C4. This protocol was delivered for eight sessions.
Already after the second session, SV was more calm and cooperative and made more efforts to name objects. This improvement was also noticeable during his speech therapy. The first protocol was followed by 30 min of NFB training for SMR (11-14 Hz) uptraining and theta (4-7 Hz) downtraining over C4 for another 24 sessions. The change in SMR frequency range resulted from increasing boisterousness which disappeared shortly after the change took place.
From the 15 th session, the patient showed increased attention, environmental awareness, and responsiveness to others. He also started to say words of three-syllable length, pronounce words more clearly, mumble non-words, produce sounds, and simulate music tunes. For the rest of the sessions, the electrode was located on C3 in order to increase left-hemisphere functions such as language development. Consequently, the patient showed improved understanding and was more successful in accomplishing complex tasks and following instructions. Overall, SV received 60 sessions during sleep.
No side effects were reported during treatment period. After 60 sessions his behavior improved to the point that he could participate in regular sessions of NFB in wakefulness.
Discussion
Here we applied for the first time NFB treatment during sleep in a patient with low-functioning ASD who was uncooperative during wakefulness due to his symptoms. We applied a conventional protocol focusing on SMR and theta activity without prior examination of spontaneous EEG oscillations because the patient was uncooperative with the examination. Of note, the use of EEG norms during sleep is not applicable since all EEG norms were analyzed and measured during wakefulness and not during sleep. We found that home training during sleep is similar to supervised training during wakefulness in the clinic. In other words, the change in settings doesn't necessarily undermine the efficacy of the treatment.
However, it is important to optimize the use of home application of NFB system to the point that training sessions could be stored and then analyzed, not only for ensuring the quality of the treatment, but also for plotting a learning curve to examine the changes in the trained brain waves.
In regard to safety concerns, the treatment did not cause sleep disturbances in this patient. In fact, the parents did not observe changes in sleep patterns (e.g., increased movement, waking up, speaking, dreaming) and wakefulness (e.g., tiredness, daydreaming, alertness, etc.) as a result of the treatment. Other adverse side effects were not reported. Along the treatment, the parents observed a variety of benefits ranging from improved speech and comprehension to increased attention, as well as decrease in uncooperativeness, restlessness, and aggression. In other words, regulating SMR and theta during sleep led to positive long-term effects in wakefulness. Importantly, the patient improved to the point of being able to cooperate with the regular treatment procedure, which involved watching a film for 30 min with electrodes on the ears and scalp, while keeping focus on the screen and minimal movement.
The possible mechanisms of the treatment-induced benefits are open for discussion. One explanation might posit that the observed effects result from improving sleep patterns or regulating epileptic activity. Indeed, the association between ASD and epilepsy was found to be higher in low-functioning ASD (Tuchman, 2000) ; higher predisposition to chronic disturbances in sleep-wake cycle was found in low-functioning ASD in dependence of the degree and severity of their cognitive impairment (Sajith & Clarke, 2007) . Obviously, there is the possibility that the observed improvements stem from treating ADHD like symptoms, which are in high co-morbidity in ASD (Holtmann, Bölte, & Poustka, 2007) . In other words, improved daytime behavior in this patient might be mediated by optimizing sleep patterns, improving seizure activity, and reducing hyperactivity.
Although many questions regarding the underlying mechanisms of these reported improvements remain unclear, it is first necessary to validate the current pilot through controlled trial on a group of children with ASD. Taking into account that researchers have identified a number of Autism subtype EEG patterns (Coben, Linden, & Myers, 2010) , other protocols should also be considered. At this point, we only attempted to test the feasibility and safety in applying NFB training during sleep. Given these treatment effects were reported by the parents of the patients, future research should target specific symptoms that can be evaluated by standardized measurements.
To conclude, NFB training is a promising technique for normalizing and optimizing brain activity. Due to the automaticity of operant-conditioning NFB is also applicable in states of reduced consciousness such as state of unresponsive wakefulness (Keller & Garbacenkaite, 2015) as well as in coma (Ayers, 1999) . Here we applied it successfully for the first time during sleep in line with multiple reports on its beneficial effects on children with ASD. Despite the various limitations that this preliminary work entails, the sleep training was found to be safe and feasible, and enabled to later continue with regular training in wakefulness.
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